Acute lung injury: clinical perspective
=======================================

Acute lung injury (ALI) and its more severe manifestation, acute respiratory distress syndrome (ARDS), are characterised by acute inflammation that affects the function of the gas exchange surface of the lung. The disorder affects all age groups, and has an incidence of approximately 200,000 cases per year in the United States and a mortality of around 35% ([@b49-0040145]). ARDS was first described by Ashbaugh and colleagues ([@b4-0040145]) in 1967 in a series of 12 patients. A working definition of ALI and ARDS was established in 1994 by the American European Consensus Conference (AECC) ([@b8-0040145]). ARDS presents clinically with breathlessness and hypoxaemia in the presence of diffuse pulmonary oedema on the chest radiograph. Hydrostatic lung oedema due to elevation of left atrial pressure should either be clinically improbable or excluded by direct measurement or echocardiography for a diagnosis of ARDS to be confirmed. The severity of hypoxaemia distinguishes ALI from ARDS: when hypoxaemia is severe \[partial arterial pressure of oxygen (PaO~2~)/fractional concentration of oxygen in inspired air (F~I~O~2~)\<200 mmHg or 26.7 kPa\], the disorder is termed ARDS, whereas less severe abnormalities of gas exchange (PaO~2~/F~I~O~2~\<300 mmHg or 40 kPa) are termed ALI. In practice, ALI is an umbrella term used by the majority of epidemiological and interventional studies in this field and will be used in this article to encompass both clinical syndromes.

ALI can result from both direct pulmonary injury, such as pneumonia, or indirect blood-borne insults -- for example, following severe sepsis, a multiple-organ dysfunction syndrome ([@b67-0040145]). Risk of progression to ALI varies according to the type, number and severity of predisposing conditions, as well as the genetics and other characteristics of the patient ([@b36-0040145]). The application of mechanical ventilation, which is required in up to 80% of patients, can further damage susceptible lung in a process termed ventilator-associated lung injury (VALI). The clinical impact of VALI was highlighted in The Acute Respiratory Distress Syndrome Network study, in which mortality was reduced from 39.8% to 31% with a low tidal volume 'protective ventilator strategy' (*P*=0.007) ([@b3-0040145]). To date, the only strategy proven to be effective at reducing mortality in ALI is low tidal volume ventilation targeting a reduction in VALI. Although a recent Phase II study of neuromuscular blockade in early ALI demonstrated a reduction in 28-day mortality from 33.3% to 23.7% compared with placebo (*P*=0.05) ([@b46-0040145]), this approach requires validation in further clinical trials.

Most ALI patients either die or are weaned from supportive treatment within 1--2 weeks, although up to 10% of patients require prolonged (30 days or more) mechanical ventilation. Lung function in most survivors returns to normal over 6--12 months. However, neuromuscular and psychological morbidity can significantly impair longer-term health-related quality of life ([@b28-0040145]; [@b27-0040145]; [@b72-0040145]).

Despite technological advances, for example in lung imaging, and significant investment in both basic science and large clinical trials, there are no lung-specific therapies that improve survival in ALI. This might be partly due to the difficulties associated with recapitulating a complex human syndrome in animal models. In this Clinical Puzzle, we highlight several outstanding questions regarding clinical ALI ([Box 1](#box1){ref-type="boxed-text"}) and discuss the limitations of currently available animal models. We then focus our discussion on how the development of human lung models, enabled in part by advances in clinical lung transplantation, might advance understanding of the pathogenesis of ALI and provide novel opportunities for therapeutic intervention.

###### Outstanding questions in ALI research

-   What is the best approach for studying the complex interactions between the cells that populate the gas exchange surface of the lung? Specifically, what is the best way to study alveolar type I cell function and response to injury?

-   Why do most survivors of acute lung injury (ALI) rapidly resolve the acute inflammation, whereas some progress to chronic persistent inflammation?

-   How can we study lung repair mechanisms and therapies given that sequential analysis of distal lung tissue in patients is both ethically and technically challenging?

-   What are the regulators of the fibrotic response after injury?

-   How can we better translate experimental and animal-based studies into successful therapeutic targets for ALI?

Pathophysiology of ALI
======================

The early phase of ALI is characterised by acute inflammation of the alveolar-capillary membrane, the cellular components of which include the alveolar epithelium, microvascular endothelium and specialised fibroblasts. The extent of alveolar epithelial damage is an important predictor of outcome ([@b37-0040145]). Typical pathohistological appearances include extensive necrosis of alveolar type I cells and the formation of protein-rich hyaline membranes on a denuded basement membrane ([Fig. 1](#f1-0040145){ref-type="fig"}). Loss of alveolar epithelial integrity results in the accumulation of protein-rich and highly cellular oedema fluid in the interstitium and alveoli. This inflammatory milieu consists predominantly of activated neutrophils and alveolar macrophages, which secrete inflammatory mediators that disrupt epithelial fluid transport and impair surfactant production by alveolar type II cells. Capillary thrombosis and extravascular fibrin deposition occur as a result of endothelial-dysfunction-associated upregulation and activation of tissue factor, and loss of the ability to activate the vitamin-K-dependent proteins C and S. This local pro-coagulant state potentiates pulmonary dysfunction and the acute inflammatory response ([@b29-0040145]; [@b6-0040145]; [@b64-0040145]). VALI exacerbates the syndrome further by physically disrupting or stimulating susceptible tissues and cells, resulting in the expression of pro-inflammatory and/or pro-fibrotic mediators ([@b7-0040145]). Pro-inflammatory mediators propagate lung injury and contribute to systemic inflammation, multiple-organ dysfunction and death associated with VALI.

Following the acute inflammatory phase, most patients gradually recover normal physiology and lung function. In the alveolar epithelium, which is normally lined by approximately equal numbers of type I and type II cells, type II cells proliferate in response to stimulation by epithelial growth factors, including keratinocyte (FGF-7) and hepatocyte growth factors. Type II cells are also thought to act as progenitor cells for both daughter type II cells and type I cells ([@b55-0040145]), differentiating into type I cells in response to specific developmental cues. These mechanisms combine to reconstitute the epithelial barrier and restore normal lung function ([@b54-0040145]). However, if epithelial injury is severe or epithelial repair is impaired, a fibroproliferative phase of ALI can develop. During this phase, mesenchymal cells proliferate, neovascularisation occurs and the alveolar space becomes filled with activated fibroblasts and myofibroblasts that synthesise excessive collagenous extracellular matrix. A small proportion of patients progress to a chronic phase of respiratory insufficiency characterised by widespread pulmonary fibrosis or scarring, with disordered lung architecture and evidence of subpleural and intrapulmonary cysts ([@b24-0040145]).

![**Pathogenesis of ALI.** (A,B) Direct (e.g. pneumonia) or indirect (e.g. sepsis) injuries (A) result in sloughing of alveolar epithelial cells, causing the formation of protein-rich hyaline membranes (B). Neutrophils adhere to the activated capillary endothelium and migrate to the alveolus. Loss of alveolar-capillary membrane barrier integrity facilitates the accumulation of a neutrophilic inflammatory exudate in the interstitium and air space. Resident and recruited cells secrete inflammatory mediators that disrupt epithelial fluid transport and impair surfactant production by alveolar type II cells. Capillary microthrombi and extravascular fibrin deposition potentiate pulmonary dysfunction and the acute inflammatory response. This interplay between inflammation and capillary thrombosis increases pulmonary dead space and shunt, contributing to the severe hypoxaemia observed clinically.](DMM006213F1){#f1-0040145}

###### Human lung repair

Under normal circumstances, adult mammalian lung is largely quiescent, with little cell turnover. However, following injury such as that described in the Case study, the lung has a dynamic but poorly understood capacity for repair. Recent advances in epithelial cell biology have identified candidate molecular factors and progenitor cell populations required for lung repair by exploiting the wealth of molecular biological and genetic techniques available in mouse models ([@b47-0040145]; [@b66-0040145]; [@b13-0040145]). The study of lung repair following ALI requires sequential sampling of distal, alveolar tissue, which is ethically and technically challenging in patients. The development of ex vivo lung perfusion (EVLP) models will allow intact human lungs containing large, thin and fragile type I epithelial cells to be maintained. Such models might provide a tractable system to study the cellular and molecular mechanisms underlying lung repair and to investigate strategies to augment this process in ALI patients.

Animal models of ALI and their limitations
==========================================

Animal models are invaluable in the study of complex diseases such as ALI, allowing testing of hypotheses in complex biological systems. Rodent ALI models, in particular, have revealed important biological mechanisms underlying the temporal sequence of injury, inflammation and dysregulated repair.

Animal models of ALI can be divided into two main groups. Models that fall into the first group involve: (1) direct injury of the lung by noxious stimuli, including intratracheal or intranasal administration of bacteria or bacterial products such as lipopolysaccharide (LPS) to model community-acquired pneumonia (CAP); (2) the administration of intratracheal acid to reproduce aspiration pneumonitis; or (3) simulation of VALI using high tidal volume ventilation. Models in the second group involve indirect lung injury, including: (1) sepsis models such as ceacal ligation and puncture (CLP); (2) the administration of intravenous bacteria or LPS; and (3) the oleic acid model, which simulates the release of bone marrow oleic acid in ALI patients following long-bone fracture.

###### Case study

A 26-year-old female with a long history of well controlled epilepsy presented to the emergency department with generalised seizures following a 2-day history of a flu-like illness characterised by dry cough and breathlessness. On arrival she was in distress, with a respiratory rate of 40 breaths per minute. Despite maximal supplemental oxygen therapy, arterial blood gas analysis showed type 2 respiratory failure. She tired rapidly, requiring tracheal intubation and invasive mechanical ventilation. Investigations revealed bilateral infiltrates on chest radiograph, Gram-positive cocci in broncho-alveolar washings (subsequently identified as *Streptococcus pneumoniae*) and a positive urinary pneumococcal antigen. An echocardiogram confirmed normal heart function. The working diagnosis was of acute lung injury (ALI) secondary to severe community-acquired pneumonia (CAP). The clinical history of fever, cough and breathlessness combined with positive microbiology confirmed the diagnosis of CAP, whereas the severe hypoxaemia and X-ray evidence of bilateral infiltrates in the presence of normal cardiac function established the diagnosis of ALI. She received antibiotic treatment and a protective ventilatory strategy. On day 5, oxygen saturations were only 75%, despite optimal ventilation. She was therefore referred to a tertiary centre where extra corporeal membrane oxygenation (ECMO) was initiated. Computed tomography (CT) imaging revealed bilateral dense alveolar shadowing and/or consolidation. With supportive care she slowly improved, allowing withdrawal of ECMO after 12 days. After a further 8 days, she was weaned from invasive mechanical ventilation, decannulated and transferred back to her referring hospital, requiring minimal supplemental oxygen. In this case, in which ALI complicated severe pneumococcal pneumonia, advanced supportive therapy allowed time for resolution of inflammation and endogenous lung repair ([Box 2](#box2){ref-type="boxed-text"}).

The injury in these models targets either the capillary endothelium or alveolar epithelium ([@b39-0040145]). Although each model can reproduce components of the key pathological changes that occur in ALI, none is capable of fully recapitulating the classical triad of features observed in patients: severe neutrophilic alveolitis with deposition of hyaline membranes and the formation of microthrombi. For example, although LPS administration elicits a neutrophilic inflammatory response with an increase in intrapulmonary cytokines, changes in alveolar-capillary permeability are mild ([@b70-0040145]). In fact, of the currently available animal models, only acid aspiration, CLP and VALI models mimic human aetiologies of ALI to a reasonable extent. Combination models using two mechanisms of injury, such as surfactant depletion and high tidal volume ventilation, might overcome some of these failings. Recapitulating the coagulation and fibrinolytic abnormalities of ALI, in particular, continues to pose a scientific challenge.

Despite extensive study in current animal models, none of the pharmacological interventions developed \[including anti-tumour necrosis factor-α (TNFα) therapy, surfactant replacement and steroid treatment\] has translated into measurable clinical benefit. Additional limitations might therefore exist -- for example, there are fundamental differences in anatomy and physiology between humans and both small and large animals. Indeed, comparative proteomic analysis between bronchoalveolar lavage fluid (BALF) from an ALI patient and a mouse model of ALI identified only 21 homologous proteins ([@b25-0040145]). In addition, airway architecture and pleural anatomy show marked differences ([@b2-0040145]; [@b56-0040145]; [@b48-0040145]), and normal rates of alveolar epithelial fluid transport differ markedly across species ([@b38-0040145]; [@b58-0040145]; [@b51-0040145]). Primate studies are more closely representative of human disease but are logistically complicated, financially prohibitive, and fewer genetic and genomic tools are available for use in primates. A further drawback of animal models is interspecies difference in host immune response to epithelial injury and the coagulopathy of ALI. Animal size places limitations on sampling volume of, for example, blood and BALF, as well as in obtaining accurate physiological measurements. Modelling of established, severe ALI presents logistical problems in the provision of prolonged intensive care to critically ill rodents; most animals die from shock or hypoxaemia. Finally, as highlighted by [@b5-0040145]), there are no robust biomarkers in animal models of ALI that translate into the human syndrome, and vice versa.

###### Clinical terms

Bronchoscopy

:   a thin fibreoptic endoscope that allows direct visualisation of proximal airways, sampling (broncho-alveolar washings) and administration of therapeutics to the distal airways

Extra-corporeal membrane oxygenation (ECMO)

:   a supportive modality that provides gas exchange by circulating venous blood from a patient through an external membrane oxygenator

Hyaline membrane

:   proteinaceous deposit in the alveoli that is characteristic of the pathological appearance of acute lung injury (ALI; diffuse alveolar damage)

Hypercarbia

:   increased partial pressure of carbon dioxide in blood (above the normal range of 4.7--6.0 kPa or 35--45 mmHg)

Hypoxaemia

:   decreased partial pressure of oxygen in blood (below the normal range of 9.3--13.3 kPa or 80--100 mmHg)

Lobectomy

:   surgical procedure to remove one lobe from the lung

Mechanical ventilation

:   the provision of machine-driven breathing given when patients are unable to breath adequately without mechanical assistance

Oesophagectomy

:   surgical procedure to remove all or part of the oesophagus

Perfusate

:   solution used to supply ex vivo tissues with nutrients and oxygen, which can be acellular or partially composed of blood

Pneumonectomy

:   surgical procedure to remove one lung

Pulmonary oedema

:   fluid accumulation in the lungs due to increased permeability of the lung vasculature or pressure from impaired cardiac function

Respiratory failure

:   inadequate gas exchange in the lung resulting in hypoxia without hypercarbia (type 1) or accompanied by hypercarbia (type 2)

Sepsis

:   systemic inflammatory response characterised by fever, tachycardia (high heart rate), tachypnoea (rapid breathing) and elevation of white blood cell count in the setting of known or suspected infection

Despite these limitations, animal models will continue to have a considerable role in the study of ALI, because few alternatives allow investigation and therapeutic testing in a complex biological system. The 'ideal' animal model of ALI is unlikely to be realised for many years. Until then, investigators will employ the model that best reproduces the pathological features tested by their hypothesis.

Human models of ALI
===================

Where possible, human models of ALI ([Table 1](#t1-0040145){ref-type="table"}) should be used to develop and test novel therapeutic targets. In this section, we describe human in vivo models that will allow the testing of novel therapeutic compounds in Phase II proof-of-principle clinical studies, as well as describing human ex vivo models that might help to shed light on the pathogenesis of ALI ([Fig. 2](#f2-0040145){ref-type="fig"}).

In vivo models
--------------

### Surgical models

One-lung ventilation (OLV) is a technique used in thoracic anaesthesia and involves ventilation of a single lung, allowing the other one to collapse. The method optimises surgical access during lung resection and oesophagectomy procedures. OLV is associated with pulmonary inflammation, reflecting what is defined as subclinical ALI in most patients ([@b41-0040145]) ([Table 1](#t1-0040145){ref-type="table"}). The majority of the pathophysiological features of OLV-induced ALI, including endothelial and epithelial dysfunction, neutrophil infiltration, and vascular congestion, are common to ALI of other aetiologies ([@b11-0040145]; [@b32-0040145]; [@b26-0040145]; [@b74-0040145]). The incidence of ALI after lung resection is 2--4% after lobectomy and up to 8% after pneumonectomy, with a mortality of 40--60% ([@b33-0040145]; [@b50-0040145]; [@b18-0040145]; [@b1-0040145]). The incidence of ALI after oesophagectomy in a single-centre study was 23.8% ([@b63-0040145]).

Pulmonary dysfunction following cardiopulmonary bypass (CPB) is common, with ALI occurring in 2% of patients. Causative mechanisms include ischaemia-reperfusion, endothelial dysfunction, systemic inflammation and atelectasis ([@b17-0040145]; [@b62-0040145]; [@b20-0040145]). Analysis of intra-operative lung specimens showed evidence of alveolar oedema, extravasation of erythrocytes and neutrophils, and congested alveolar capillaries ([@b69-0040145]). Electron microscopy demonstrated swollen and necrotic pneumocytes and endothelial cells ([@b69-0040145]).

Given the elective nature of the surgery, these patients represent a cohort of potentially predictable ALI patients for future study. Consent for trials of either prophylactic therapy or disease-modifying therapy could therefore be undertaken pre-operatively. Owing to the relatively high associated incidence of ALI following oesophagectomy, patients undergoing this procedure could be a particularly useful cohort in which to carry out such a pharmacological study with a clinical as well as a surrogate endpoint. Indeed, a clinical trial of hydroxymethylglutaryl-CoA (HMGCoA)-reductase inhibitors to reduce post-oesophagectomy ALI is currently recruiting patients (<http://www.controlled-trials.com/ISRCTN56543987>).

### Inhaled LPS

Inhalation of LPS, a component of the outer membrane of Gram-negative bacteria, results in a local subclinical alveolar inflammatory response with neutrophil recruitment and an increase in cytokine and chemokine production ([@b53-0040145]; [@b31-0040145]; [@b44-0040145]; [@b43-0040145]), analogous to that which occurs in ALI ([Table 1](#t1-0040145){ref-type="table"}). Notably, the coagulopathic and fibrinolytic abnormalities associated with ALI are also replicated in the inhaled LPS model ([@b35-0040145]). Although a mild systemic inflammatory response is also observed, neither the pulmonary or systemic effects have been associated with significant adverse clinical events.

HMGCoA-reductase inhibitors have shown promise as an anti-inflammatory therapy in both in vitro and animal in vivo LPS models of ALI ([@b42-0040145]; [@b30-0040145]; [@b21-0040145]). On the basis of these data, inhaled LPS was administered to 30 healthy volunteers with or without pre-treatment with the HMGCoA-reductase inhibitor simvastatin. Compared with untreated controls, the group treated with simvastatin demonstrated a reduction in neutrophil numbers and activity in the alveolar space, and a reduction in cytokines in BALF ([@b57-0040145]). This study was the first to investigate the effects of a statin in vivo on LPS-induced pulmonary inflammation in humans, and provides proof-of-principle evidence supporting the beneficial anti-inflammatory effects of statins in human lung. These data led to the initiation of a Phase IIb placebo-controlled trial of statins to treat established ALI ([@b12-0040145]). The statin-treated group showed improvements in non-pulmonary organ dysfunction. In addition, modest improvements in pulmonary function were observed in patients who were still ventilated at 14 days. This was associated with an early reduction in pulmonary and systemic markers of inflammation.

###### 

Summary of human models of ALI

![](DMM006213T1)

### Limitations of in vivo human models

There are several pathological, ethical and logistical challenges that limit the use of in vivo surgical models in humans. First, these are short-term models of low-level inflammation: although many of the pathological hallmarks of ALI are re-created, the physiological decrements in gas exchange and the levels of proinflammatory cytokines induced are generally modest. Second, in vivo studies are inevitably constrained by clinical priorities and ethical considerations; healthy subjects enrolled in such studies should be thoroughly informed about potential risks. Third, it is important to recognise that the pathogenesis of ALI after operations involving both OLV and CPB is multifactorial, and patient factors combine with the direct effects of OLV and CPB to compromise pulmonary function in the early post-operative phase. Finally, studies involving healthy human volunteers mandate that patient safety is a priority; despite an established safety profile, inhaled LPS studies should be undertaken in settings where there is adequate medical supervision.

![**Potential roles of human models of ALI in the development of new therapeutics.** Experiments performed in ex vivo models guided by animal data and human in vivo observational data will allow safety and basic efficacy testing of novel therapies before Phase I clinical trials are carried out in healthy volunteers. LPS and cardiopulmonary bypass (CBP) in vivo models can be used to provide proof-of-concept early Phase II data, whereas the oesophagectomy surgical in vivo model has the potential to interrogate clinical outcomes.](DMM006213F2){#f2-0040145}

Ex vivo models
--------------

### Ex vivo perfused human lung models of ALI

The development of ex vivo human lung models of ALI could offer a new paradigm in ALI translational research ([@b14-0040145]). Such models might allow recapitulation of severe ALI, as well as experimental manipulation and temporal analysis of distal lung tissue, which are not achievable using in vivo human models.

Ex vivo lung research is not a new concept, and has been widely used to study lung function in small animals ([@b65-0040145]; [@b73-0040145]; [@b10-0040145]). Human ex vivo research uses consented donor organs that are unsuitable for transplantation based on International Society for Heart and Lung Transplant (ISHLT) criteria ([@b45-0040145]). Organs are maintained in a viable state with established ventilation and perfusion systems (discussed below).

![**Schematics illustrating ex vivo human models of ALI.** The isolated perfused lung model ([@b23-0040145]) (A) is a simplified version of the ex vivo lung perfusion model (EVLP) ([@b61-0040145]) (B). (A) In the isolated perfused lung model, whole human lungs are suspended by the trachea in a humidified chamber. The lungs are perfused with a buffer solution, at a low flow rate, that drains passively via the pulmonary vein. The lungs are either left unventilated or continuous positive airway pressure (CPAP) is applied. (B) The EVLP model is a more elaborate system involving cardiopulmonary bypass circuits. A closed system is employed with cannulae placed in both the pulmonary vein and artery. The lungs are perfused with a high oncotic pressure perfusate (Steen solution) with or without red blood cells, circulated via a centrifugal pump. A membrane oxygenator is supplied with a gas mixture high in nitrogen and carbon dioxide to create a 'venous' type perfusate prior to returning to the pulmonary artery. A polyurethane filter is employed to prevent recirculation of leukocytes into the circuit and a protective strategy (5 ml/kg tidal volume) is used to ventilate the lungs. LAP, left atrial pressure; PAP, pulmonary artery pressure; pO~2~, partial pressure of oxygen in the perfusate. Figures reproduced with permission ([@b59-0040145]; [@b23-0040145]).](DMM006213F3){#f3-0040145}

Human ex vivo models of ALI involve similar noxious stimuli to those used in animals, including the use of live bacteria, which can be either infused into lung tissue via the perfused vasculature or delivered to the airways and distal lung by nebulisation, or delivered topically under direct vision to a targeted area using a bronchoscope ([Table 1](#t1-0040145){ref-type="table"}). Such models could also allow the testing of disease-modifying therapies in ALI to generate relevant, reliable and predictable human pharmacodynamic, pharmacokinetic and toxicology data through analysis at the organ, cell, genomic and molecular level, before early phase clinical studies. Ex vivo modelling is superior to tissue- and cell-based assays because the architectural integrity of the lung is preserved. For example, type I pneumocytes, which cover over 90% of the gas exchange surface of the lung, are difficult to culture in vitro; therefore, little is known about the response of this cell type to injury and the subsequent mechanisms of repair.

Currently, there are two main techniques for maintaining lungs ex vivo: the isolated perfused lung model and the ex vivo lung perfusion (EVLP) model. In the isolated perfused lung model, the lungs, together with the heart, are surgically removed and suspended by the trachea in a humidified, jacketed chamber maintained at 36--37°C. The lungs are perfused with a buffer solution that enters the lung by the pulmonary artery and drains via the pulmonary vein. The buffer solution is then collected or re-circulated. The lung is either left unventilated, or continuous positive airway pressure is applied ([Fig. 3](#f3-0040145){ref-type="fig"}).

Several recent studies have shown the potential of the isolated perfused lung model for studying the pathophysiology of ALI. In animal models, an increase in alveolar fluid clearance (AFC) results in less pulmonary oedema and a more rapid improvement in gas exchange during ALI ([@b52-0040145]; [@b40-0040145]; [@b22-0040145]). Clinical data suggest that intact AFC is associated with improved survival in patients with ALI ([@b68-0040145]). Extrapolating these data, a model of ALI-associated pulmonary oedema was investigated in isolated perfused human lungs by a group from the University of California San Francisco, who found that β2-adrenergic agonists increased AFC ([@b23-0040145]). In addition, the study identified that the airspace and perfusate levels of the soluble receptor for advanced glycation end products (RAGE; a marker of alveolar type I epithelial cell injury) were elevated in lungs that did not have measurable AFC (\<3%/hour) compared with those that did. Subsequently, a study of 30 ex vivo lungs showed that the rate of AFC was inversely correlated with RAGE levels in distal airway aspirate samples ([@b9-0040145]).

The same investigators then established a more refined model of ALI in their isolated perfused lung model ([@b34-0040145]). The right middle lobe or left lower lobe was injured with an intra-bronchial instillation of a large dose (0.1 mg/kg) of *Escherichia coli* endotoxin. A contralateral lobe was used as the control. Instillation of endotoxin into the distal airspaces resulted in acute pulmonary oedema, an increase in lung vascular permeability and an almost complete loss of AFC. These effects were associated with a statistically significant increase in airspace neutrophilic infiltration and BALF levels of proinflammatory cytokines implicated in the pathogenesis of ALI (IL-1β, TNFα and IL-8). The translational potential of the model was realised through studying the effect of mesenchymal stem cells (MSCs) on AFC in the injured lobe over a period of 4 hours: MSCs reduced endotoxin-induced injury and inflammation and augmented AFC, compared with controls. Thus, the isolated perfused lung model represents a (short-term) translational model of ALI that reproduces some of the physiological, immunological and pathological features of human in vivo ALI.

EVLP was developed by Steen ([@b60-0040145]) as a method to assess the quality of donor lungs from non-heart-beating donors. It is used clinically to facilitate reconditioning and subsequent transplantation of unacceptable donor lungs ([@b19-0040145]; [@b71-0040145]; [@b61-0040145]). In EVLP, an elaborate and expensive extracorporeal circuit and ventilator system replicate in vivo physiology ([Fig. 3](#f3-0040145){ref-type="fig"}); lungs are ventilated with a low tidal volume strategy while a closed extracorporeal circuit with a centrifugal pump targets a pulmonary perfusate flow of 40--100% of the donor's predicted cardiac output. An albumin-based perfusate is used to optimise oncotic pressure and reduce endogenous lung oedema. Whole lungs have been maintained on EVLP for up to 12 hours with preservation of lung function and avoidance of additional lung injury ([@b15-0040145]; [@b16-0040145]). Although ALI modelling in the EVLP set up has yet to be established, we propose that ALI models could be readily achieved based on the strategy used in the isolated perfused lung model.

Owing to their relatively prolonged viability, EVLP models offer the potential to study late-phase injury and, potentially, early repair in whole human lung. Sampling and subsequent cellular, molecular, proteomic and genomic analyses can take place hourly in a variety of formats, including peripheral and endobronchial lung biopsies, bron-choalveolar lavage (BAL) and perfusate, to generate large datasets. Moreover, serial imaging with, for example, computed tomography, can be undertaken, allowing unique structural and functional correlations in the distal lung.

Limitations of ex vivo human models
-----------------------------------

Although ex vivo modelling has many potential benefits, there are several limitations. It is important to recognise that most lungs donated for research have been declined for transplant: baseline physiology is often abnormal and there will inevitably be a degree of background ALI present prior to use of the tissue for experimental modelling. Moreover, donated lungs are unlikely to be homogenous, with a wide variation in ischaemic times and donor co-morbidities, including smoking. The direct impact of cold preservation of the lungs (for transport) on the development of ALI remains poorly understood. Available donor lungs are, by necessity, at a premium. Organ procurement is further limited by legal, ethical and cultural considerations, which vary between states and countries. This process is facilitated by collaboration with donor networks and organ procurement organisations. The fact that renal and hepatic metabolism are absent in ex vivo models also needs to be taken into consideration when interpreting pharmacokinetic data. Finally, the EVLP technique in particular requires a large amount of technical expertise from both surgeons and perfusionists, meaning that this type of model is logistically challenging to set up unless in a centre with cardiothoracic transplant expertise.

Conclusions and future prospects
================================

Despite over 30 years of promising preclinical studies, no pharmacological intervention developed thus far has reduced mortality in this devastating syndrome. This fact alone highlights the limitations of current animal models. Human models of ALI are advantageous in that they allow potential therapies to be investigated in vivo in humans, hopefully providing more accurate information to inform subsequent larger clinical trials. Refinement and development of human ex vivo models of ALI will generate relevant, robust data prior to testing therapeutic agents in clinical trials on patients with ALI. The use of viable, structurally intact human lung for experiments might bypass many failings of current drug development platforms and allow unique opportunities to study the human alveolar-capillary unit in an appropriate microenvironment. Through collaboration between basic scientists, physiologists and clinicians, ex vivo modelling has the potential to become the gold-standard for preclinical testing of therapeutics for ALI.

###### Clinical and basic research opportunities

-   To increase the amount of available human data prior to Phase IIb and III studies through the use of lipopolysaccharide (LPS) and surgical models of acute lung injury (ALI), as well as through isolated perfused lung modelling of ALI

-   To develop an ex vivo lung perfusion (EVLP) model of ALI with robust, reproducible characteristics of in vivo lung injury, following the strategy established in isolated perfused lung models

-   To improve ex vivo ALI models and extend their viability beyond 24 hours, enabling study of later phase injury and early lung repair
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